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Theoretical Physics 
to Computational Neuroscience



(a personal perspective)

� One of the most challenging 
pursuits in science is the attempt to 
comprehend the complex 
functioning of the human brain 

� 100 billion neurons, highly 
connected networks, NO good 
ideas as to how it all works

� Nothing could be more 
fundamental than understanding 
how we understand.

� Machine intelligence is inevitable 
(might as well get a head start!)

� It’s fun!



(A pragmatic perspective)

� Neural systems solve certain classes of problems better then 
anything we can create

� They solve problems quickly (tens of milliseconds for a 
behavioral response) and efficiently

� They are tremendously adaptive and can deal with complex and 
dynamic situations 

� We would like to be able to design similarly powerful systems 
with diverse applications from autonomous robots and visual 
recognition systems  to neural prosthetics



The really really important question...

Why are we aware (conscious) of what the 
brain does?

Hard (but not impossible)!
No Mysterians Allowed!



� What is the nature of the 
neural code(s)?  (average 
activity or precise timing, 
correlated or independent…)

� How do we analyze the 
complex function of biological 
neural networks? (global 
attractors, dynamical systems, 
network theory…)

� What principles unify the 
complex and diverse behaviour 
of neural systems?



Neurons:  Basic Units of the Nervous System





Neurons communicate by stereotypical electrical signals 
(action potentials or spikes) 

Spikes are the basis of a universal neural language and 
are the only signals transmitted over long distances



A Central Problem in Neuroscience:  How 
to make sense of spike patterns



� Information Theory (where is the information) 
What spike pattern carries the most information about the 
stimulus

� Reverse Correlation (what is the information)  
Identify aspects of the stimuli that drive neurons and 
neural networks

� Modeling (where, what and why is the 
information)  How do we understand the design of a 
neural system





� Can be studied as an intact and isolated neural 
system with well-defined input (visual world) 
and output (ganglion cell spike-trains) 

� No feedback connections from the brain
� Known network anatomy (cell types and 

connections) 
� Ideal system for studying the neural code (if 

universal principles exist they might be evident 
here)

� Retinal prosthetic (return for a talk by Mark
Humyan from USC)

The Retina as a Model Neural System





What Does the Eye Tell the Brain?
(if you could decode the optic nerve, what would the 
world look like?)

Input Image Image Reconstruction 
Based on  Spike Rates

Spike Rate Encodes Pixel Intensity

But is spike rate the entire story…



Ganglion cell spike-trains also oscillate

Neuenschwander and Singer,  Nature (1996)

What could oscillations mean?



(G. Kenyon and collaborators)



(a) Neunschwander et. al., Vision Research (1999)



(a) Neunschwander et. al., Vision Research (1999)





� Single Stimulus Presentation 
� Biological Time Scales (20ms for earliest evoked 

response to 200ms for perceptual judgments)
� Small Neural Population (hints at processing)



Oscillations Locally Discriminate 
Contiguous and Fragmented Stimuli on 
Single-Trials



…on the other hand
spike rate is a poor (local) discriminator



• Are downstream neural 
systems sensitive to 
oscillatory input?

• Does removing oscillations 
produce measurable 
behavioural deficiency?

• Do oscillations in other brain 
regions signify similar 
encoding?

A definitive demonstration of the functional role of synchronous
oscillations remains undone



• Using a computational model of the retina, we have shown that 
information about the presence of large objects is available 
locally to downstream neural systems on behavioural time-scales.  

• In our analysis we went beyond the characterization of retinal 
spike-trains and asked whether oscillatory information is 
available to downstream neurons in a reasonable manner. 

• Necessary but not sufficient condition for the use of retinal 
oscillations by the early visual processing regions of the  brain .



P=Pixel ON Probability 

P=0.1 P=0.5 P=0.8



Normalized Power Spectrum Summed from all Cells in 
Model Retina



� We explored the possible encoding roles of synchronous 
oscillations in the retina and found that oscillations may provide 
a  local neural label, signalling that the responding cell is part of 
a larger visual feature. 

� We identified a possible phase transition in the output spike-
trains of the  retina.  We have shown that a percolation phase 
transition in the input image is accompanied by an abrupt change
in the average power of our model retina. 

� Neural systems, rich in complexity and relevance,  provide a 
challenging and exciting arena in which to apply the techniques 
and philosophies of physics.  Physics and Neuroscience both 
greatly benefit from this cross-fertilization.



� Garrett Kenyon (P-21)

� John George (P-21), James Theiler (NIS-2) and 
Bryan Travis (EES-2)

� Enrique Claverol-Tinture (P-21)

� The entire Biological and Quantum Physics 
group for providing such a stimulating 
environment 


